Background: Na/H exchange regulator factor 1 (NHERF1/EBP50) isan adaptor/ signaling protein that when aberrantly expressed has been associated with tumor development and progression. In some tumors this occurs through its interaction with the PIK3-PTEN-AKT pathway. Objective: This study explores NHERF1 biomarker expression in lung cancers and, further, NHERF1 and PTEN expression and the PIK3CA-PTEN-AKT pathway in squamous cell lung carcinoma (SQCC). Design: Phase 1: The immunohistochemical expression of NHERF1 was examined in a lung cancer microarray and correlated with histologic type of tumor and stage. Phase 2: NHERF1 and PTEN expression in 21 SQCC was correlated. Mutations in the PIK3CA/PTEN/AKT pathway were analyzed by NGS. Results and conclusions: Phase 1: NHERF1 expression and histologic subtype strongly correlated (p<0.001). Small cell carcinomas were negative. SQCCs exhibited moderate to strong expression. Strong aberrant expression in adenocarcinomas correlated with lymph node metastases (p=0.005). Phase 2: 20 SQCC cases expressed NHERF1. PTEN was negative in 7 cases, heterogeneous in 2, and positive in 13. There was no correlation between NHERF1 and PTEN expression, arguing against cooperativity of the proteins in this setting. AKT, PTEN, and PIK3CA did not have detectable mutations. PTEN loss was not associated with an underlying genetic mutation, suggesting a different mechanism for deregulation.
Introduction
L ung cancer was the leading cause of cancer death in the US in 2015. It is the second most common new cancer diagnosed in the US, exceeded only by breast cancer [1] . While identification and targeting of actionable driver mutations has improved progression free survival in certain subsets of patients with adenocarcinoma of the lung, for the majority of lung cancer patients survival still remains poor [2] . In the subset of patients for whom targeted therapy is available and who do respond, the development of resistance has also become a major problem. For squamous cell carcinomas, targeted therapy has been elusive. These driver mutations, however, are only one component of complicated pathways which influence cell growth and proliferation. A better understanding of alterations in the entire set of pathways and other interacting components may provide additional therapeutic targets.
Many of these signaling pathways act through scaffolding proteins which bind various pathway components, creating complexes which then regulate signal transduction [3] . Na/H exchange Belchis et al. 2016 regulator factor 1 (NHERF1/EBP50) is an adaptor/scaffolding protein located at the apical membrane of cells and is an important regulator of transmembrane proteins and cytoskeletal structure and organization. It consists of 2 PDZ domains and an ezrin-radixin-moesin (ERM) binding region. Through these sites, NHERF1interacts with a variety of growth factors and regulatory proteins including EGFR and PDGFR (PDZ domains) and Factin(ERM region) [4] [5] [6] [7] [8] [9] . Recent studies of a variety of tumors have identified aberrant cytoplasmic, membranous, or nuclear expression of NHERF1 [5, [10] [11] [12] [13] . In studies of glioblastoma, breast and colon cancers, this delocalization from the normal apical membrane site and the appearance of aberrant expression has been correlated with tumor progression and poor prognosis [5, 6, 10, 13, 14] . While NHERF1 expression has been explored in variety of tumors, it hasnot been thoroughly examined in lung cancer. The initial phase of this study was to explore the expression of NHERF1 in different histologic subtypes of lung cancers and to correlate the findings with tumor stage.
The second stage of the study arose following the identification of relatively uniform aberrant cytoplasmic expression of NHERF1 in squamous cell carcinomas. One of the mechanisms by which NHERF1 is postulated to influence tumor development is through the PIK3CA/PTEN/AKT pathway [5, 15] . Studies of NHERF1 in glioblastoma have demonstrated that NHERF1 interacts with the pleckstrin-homology domain leucine rich repeat protein phosphatases (PHLPP) and PTEN (PTEN-NHERF1-PHLPP) forming an inhibitory network on the PIK3CA-AKT pathway [5, 16, 17] . Disruption of the NHERF1-PDGFR or NHERF1-PTEN complexes by either loss of NHERF1 or a shift from its normal apical location to the cytoplasm is postulated to lead to loss of the PTEN suppressor function and subsequent AKT activation [5] . As a subset of lung squamous cell carcinoma (SQCC) have been shown to harbor alterations in the PIK3CA-AKT pathway, we decided in the second stage of the study to explore the possibility of an association between NHERF1 and PTEN immunoexpression. This was accompanied by mutation analysis of the PIK3CA-AKT-PTEN pathway, speculating that the increased expression of NHERF1 might be related to deregulation of that pathway.
Materials and methods
The study was approved by the Johns Hopkins Institutional Review Board.
Histology
Phase 1: A 99 cases/100 cores microarray consisting of a diverse assortment of lung cancers and benign conditions was purchased (product #BC04002, Biomax, Rockville, MD). The cores were 1mm in diameter and 5um thick. The array contained 20 cases of squamous cell carcinoma, 30 cases of adenocarcinoma, 10 cases of small cell carcinoma, 5 carcinoid tumors, 10 cases of metastatic carcinoma and 5 each of inflammatory pseudotumor, tuberculosis, and 5 of a mix of adjacent tissue near diseased tissue and normal tissue. For all cases the age and sex of the patient was provided. The histologic grade of the tumor, TMN classification, and total number of lymph nodes and the total number of positive lymph nodes were also given. None of the patients had metastatic disease (all were M0). Of the squamous cell carcinomas, the ages ranged from 41 to 69. Seventeen were men and three were women. Seven cases were stage III, 5 were stage II, and 8 were stage I. Of the adenocarcinomas, the ages ranged from 41-71. Fifteen were men and 15 were women. Ten were stage III, 7 were stage II and 13 were stage I. Of the small cell carcinomas, the patients' ages ranged from 39 to 65. Six were men and four were women. Three were stage III, 3 were stage II and 4 were stage 1. Smoking history and molecular information was not provided on any of the cases.
Not all cores were readable. This study focused on the subtypes of pulmonary carcinoma. Of these, eleven squamous cell carcinomas, 29 adenocarcinomas, 10 small cell carcinomas, and 9 lymph node metastases were evaluable.
Phase 2: Twenty-one cases of squamous cell carcinoma from twenty patients were retrieved from the files of the pathology department at Johns Hopkins. Information was extracted from the clinical records including age, tumor stage, outcome, andimmunostaining results for any of the following confirmatory antibodies if performed at the time of diagnosis: p40, p63, TTF-1, or NAPSIN. Representative sections of each tumor were stained with NHERF1 and PTEN.
Immunohistochemistry
Immunostaining was developed using anti-rabbit NHERF1 polyclonal antibody (Pierce PA1-090, concentration 10µg/ml). Staining was performed on an automated Ventana immunostainer (BenchMark-Ultra, Ventana Medical Systems, Inc. Tucson, AZ) using UltraView DAB procedure. Briefly, slides were deparaffinized and hydrated and antigen retrieval was performed using a mild CC1 conditioner (high pH). Sections were incubated for 24 minutes with primary antibody and Ultra View detection (cat# 760-500) was applied as per manufacturer's instructions. The slides were read independently by 2 pathologists and scored semiquantitatively from 0-3+ as follows: staining intensity of the tumor cells was graded as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong). The percentage of positive cells was graded as follows: 0,<10%; 1, 10-25%; 2, 26-50%; 3, 51-75%; 4, 76-90%, and 5,>90%. Apical staining was considered normal. Cytoplasmic, nuclear, or peripheral membranous staining were all considered abnormal patterns (Figure 1) . A final score was derived from the combined intensity and percentage according to the method of Song et al. (Histopathology 2007, 51, 40-53) . Samples with an intensity of 0 or 1 in ≤10% of cells were designated as negative, samples with an intensity of 1 in >10% of cells or combined intensity and percentage scores of 2-3 were designated as weak, combined scores of 4-6 were designated as moderate, and scores of 7-8 were designated as strong.
PTEN immunohistochemistry was performed on an automated Ventana platform (BenchMark-Ultra, Ventana Medical Systems, Inc. Tucson, AZ) using Opti-View detection system Belchis et al. 2016 (Cat # 760-700, (BenchMark-Ultra, Ventana Medical Systems, Inc. Tucson, AZ).ThePTEN antibody (Clone D4.3XP; Cell Signaling Technologies, Canvers, MA, dil 1:100) was applied for 36 minutes and detection was applied as per manufacturer's instructions. PTEN expression was assessed by comparison to the surrounding stromal components (fibroblasts and vascular structures). Negative was defined as absent protein expression with strong staining in surrounding stromal elements. Positive was considered diffuse nuclear and/or cytoplasmic staining present in similar intensity to surrounding normal stromal elements. Weak staining with less intensity than the surrounding tissue was categorized as heterogeneous [18] (Figure 2) . 
Statistics
Pearson's chi-square statistic was calculated for discrete variables (sex, stage) and one-way ANOVA for age, in comparison to score, with a Type 1 error of 5% for each. Fisher's exact test was performed for comparing NHERF1 expression in different histologic subtypes.
Next generation sequencing (NGS)
NGS was performed on each case as previously described [19] . Tumor in each case was manually micro-dissected and genomic DNA was extracted as described [20] . DNA sequencing of the frequently mutated regions of 50 cancer-related genes using the AmpliSeq Cancer Hotspot panel v.2 on the Ion Torrent PGM (Life Technologies, Inc, San Diego, CA) was performed as previously described [19] . This panel includes genes commonly mutated in the AKT/PIK3CA pathways.
Statistics
Statistical analysis was performed using Fisher's exact test with correction for small numbers.
Results

Phase 1: Lung non-small cell carcinomas frequently express NHERF1
Statistical analysis revealed a strong correlation between the histologic subtype and NHERF1 staining. The majority of the squamous cell carcinomas showed moderate to strong cytoplasmic staining in most cells compared to a range of staining in the adenocarcinomas and negative staining in the small cell carcinomas (p<0.001). The adenocarcinomas' final scores for intensity and percentage of staining were as follows: 5/29 cases (17%) were negative, 5/29(17%) were weak, 11/29(38%) were moderate, and 8/29(28%) were strong. The final scores for the squamous cell carcinomas were as follows: none were negative or weak, 2/11cases (18%) were classified as moderate and 9/11(82%) as strong. Due to the small sample size, adenocarcinomas or squamous cell carcinomas with either a negative or weak final score were combined into one group and those with either a moderate or strong final score were combined into a second group. Each of these groups was then examined for correlation with stage and lymph nodes metastases, information which was provided by Biomax. Using this approach, moderate to strong expression of NHERF1 in adenocarcinomas correlated with the presence of lymph node metastases (p=0.0038) ( Table 1) . For the squamous cell carcinomas, there was no correlation ofT or N stage with NHERF1 expression ( Table 1 ). Eight cases of squamous cell carcinoma metastatic to the lymph nodes were evaluable. Three were scored as negative and five received a final score of strong.
Most non-small cell carcinomas exhibit aberrant cellular localization of NHERF1
The patterns of expression were then evaluated. Twenty-four of the 29 adenocarcinomas had cytoplasmic staining (cNHERF1).
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Six of these showed concomitant nuclear staining (nNHERF1). None of the cases demonstrated membranous staining. Of the squamous cell carcinomas, 10 of 11 exhibited cytoplasmic staining, 2 had both cytoplasmic and nuclear staining, 2 exhibited membranous, cytoplasmic, and nuclear staining, and 1 showed membranous staining only.
Phase 2: The second part of the study focused on a relationship between NHERF1 and alterations in the PIK3CA-PTEN-AKT pathway. As alterations in the PIK3CA-PTEN-AKT pathwayare found in a significant subset of squamous cell carcinomas and NHERF1 is an integral member of the pathway, 21 cases of squamous cell carcinoma were analyzed for PTEN and NHERF1 expression. The clinical characteristics are listed in Table 2 . In this phase, NHERF1 immunoexpression was correlated with the immunoexpression of PTEN and with mutations in the pathway including PIK3CA, PTEN, and AKT. NHERF1 staining wasscored as described above. Sixteen cases were given a strong score, 3 were moderate, 1 was weak and 1 was negative. The pattern was cytoplasmic in 20 of 21 cases. In addition, 5 showed membranous expression, 4 showed nuclear staining, and 2 cases had membranous, nuclear, and cytoplasmic expression. Immunohistochemical staining for PTEN revealed the following: PTEN was negative in 7cases, heterogeneous in 2, and uniformly positive in 13. Original and the recurrent tumors were available in one patient and both expressed PTEN and NHERF1. The 1 case without NHERF1 staining expressed PTEN. NGS showed no mutationsin AKT, PTEN, and PIK3CA. Most of the tumors were T1 or T2 and N0, therefore,statistical correlation of PTEN and NHERF with stage was not possible. No correlation was noted between PTEN and NHERF1 expression ( 
Discussion
Our results show a strong correlation between aberrant NHERF1 expression and histologic subtype of tumor. Small cell carcinomas were uniformly negative for NHERF1 whereas squamous cell carcinomas showed almost uniform aberrant cytoplasmic expression. Adenocarcinomas showed a less consistent pattern, with 34% having no expression at all and the positive cases demonstrating a variety of aberrant localization patterns. In addition, we discovered an association between aberrant NHERF1 expression and the presence of lymph node metastases in adenocarcinomas. The only other published study of NHERF1 expression in lung cancer cases examined pleural effusion cytology cell block samples of advanced lung cancers (stage IV) and surgical resection specimens (stage IA-IIIA) [21] . While that study showed delocalization of NHERF1 from the apical membrane to the cytoplasm in stage IA-IIIA surgical resection specimens, their study was significant for the loss of cNHERF1 and increased nNHERF1 in the effusion samples, suggesting a switch in the location of NHERF1 in more advanced stage cancers. We did not find this in our study. In phase one of our study, 6 of the adenocarcinomas and 4 of the squamous cell carcinomas exhibited both cytoplasmic and nuclear expression. Two of the adenocarcinoma cases and 2 of the squamous cell carcinoma cases were N0, proving that nuclear expression was not limited to high stage disease. Conversely, almost all low stage tumors maintain cNHERF1. This raises the possibility of a transitional state in which NHERF1 is expressed in both locations before being lost from the cytoplasm. Since we did not examine any stage IV tumors, we cannot confirm the existence of purely nNHERF tumors. Our results for stage I-III adenocarcinomas parallel those of non-lungcarcinomas where cytoplasmic expression of NHERF1 has been correlated with aggressive tumor behavior and worse prognosis [6, 10, 12, 13, 22, 23] .
As indicated above, one mechanism by which NHERF1 is postulated to affect cellular proliferation and survival is through its interaction with members of the PIK3CA-PTEN-AKT pathway. However, we did not find a correlation between immunohistochemical (IHC) loss of PTEN and NHERF1 expression. PIK3CA alterations occur in non-small cell carcinomas. Studies have identified point mutations in 3.6% to 7.1% of squamous cell carcinomas and 1.5% to 2.6% of adenocarcinomas [24] although copy number variations are more common [24] [25] [26] [27] . We did not find point mutations in PTEN or other members of the pathway but were unable to assay for copy number alteration. This suggests that in cases where PTEN was lost it occurred via a mechanism other than point mutation, such as epigenetic change. Other studies of PTEN expression in lung cancer have also noted that the frequent loss of PTEN expression by IHC analysis is not always associated with underlying genetic mutations, pointing to an alternative explanation for loss of protein expression [28] [29] [30] . Due to the small number of cases of squamous cell carcinoma with lymph node metastasis, the possibility that PTEN expression might be associated with stage cannot be excluded. The significance of the cytoplasmic expression of NHERF1 in squamous cell carcinomas is unclear. As a scaffolding protein it interacts with many different growth factors and signaling pathways ( [7] , including Yes-associated protein and TAZ. Further study of NHERF1 in these tumors may identify a pathway that can be exploited therapeutically.
Conclusions
NHERF1 is a key factor in signal transduction. Through its PDZ domains it interacts with growth factors and mitogenic signaling receptors. We found a statistically significant difference in NHERF1 expression between different histologic subtypes of lung cancer. Aberrant expression is essentially never seen in small cell carcinoma, whereas it is common in adenocarcinomas and almost always present in squamous cell carcinomas. In addition, adenocarcinomas show a range of staining with NHERF1 from weak to strong, with moderate to strong expression correlating with the presence of lymph node metastases in stage I-III tumors. Moderate to strong expression of NHERF1 is typically noted in squamous cell carcinoma of the lung. In addition, the loss of PTEN expression in squamous cell carcinoma does not correlate with an underlying genetic point mutation, implicating other mechanisms such as epigenetic changes.
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